ABSTRACT
INTRODUCTION
Theoretical models of initial damage to DNA have now reached a mature stage of development with
Monte-Carlo track simulation codes that account for details of DNA structure, the hydration shell that interacts with DNA and most ionization and radical diffusion processes (Nikjoo et al., 1997; and Holley and Chatterjee, 1996) (Hargrove, 1995, Lauffenburger and Linderman, 1993) . Important developments have been in studies of receptor binding and signaling (Lauffenburger and Linderman, 1993) and in studies of the behaviors of oscillatory enzymes (Goldbeter and Caplan, 1976) . The role of diffusive processes in protein transport has also been considered (Goldbeter and Caplan, 1976; Lauffenburger and Linderman, 1993) . The role of stochastic processes when low concentrations of molecular species are involved (Goss and Peccoud, 1998) (Goldbeter, 1981; Stadtman and Chock, 1977) predicted the importance of kinase activity in molecular controls related to cell cycle control and cancer including the large amplification of signals that may occur (Hunter, 1995) . In this paper, we develop a mathematical description of several cellular processes using a biochemical model of the kinetics of cell cycle control and G 1 checkpoint proteins.
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MATHEMATICAL MODEL OF CELL CYCLE CONTROL
The pathways that control the cell cycle (Strauss et al., 1995) 
In Figure 1a , we show the percentage of protein expression as a function of time for cyclins E and A, and these results are compared with the data of Ohtusbo et al. (1995) . Although they are not presented, the expression of free E2F's and cyclin kinases will follow closely the peaks in cyclins D, E, and A. Figure lb shows the results of solutions for the expression of cyclin D, pl6 and the hyperphosphorylated form of pRb. These calculated results are compared with the data of Tam et al. (1994) (Reed et al., 1995) . Several outcomes are possible during signal transduction (Zhan et al., 1994; Canman et al., 1995) 
and for the time-rate of change of the active form 
where the vo are degradation constants and the k are rate constants for (de)activation by conformation shifts of p53 or binding to mdm2 (kM). Similar equations can be written for the transcription of mdm2 and binding of the mdm2 protein to activated p53. The binding of a single mdm2 protein to a p53 tetramer is believed not to block completely the tetramers function. We thus consider active forms of p53 that are complexed with one or more mdm2. We assume that p53 continues to function as a transcription factor, although at a reduced efficiency, until all 4 sites are bound by mdm2. We ignore any cooperative effects (positive or negative). Rate constants for mdm2 binding are then unchanged as each binding site becomes filled. The p53 transcription of other genes is reduced at the geometric rate as these sites are filled. We bypass the intermediate step of the mdm2 RNA transcript that is easily included and should have only a small effect on modeling kinetics of the protein.
The induction of DNA DSB's is linear with dose for all dose-regimes of interest. Track structure studies indicate that the initial number of complex damages as defined by local damage clusters near the position of a DSB increase with LET or ionization density (Nikjoo et al., 1997, Holley and Chatterjee, 1996) .
Repair pathways are assumed to be dependent of the damage type which accounts for the slower kinetics observed in DSB with high LET radiation. The repair of DSB's of type j is described by
Where ot is the rate of formation of DSB's (about 40 DSB's per Gy of X-rays) and the time-rate of change of the repair-enzyme is described by
and of the repair-complex, (Roth et al., 1985; Fishman-Lobel et al., 1992) . We are studying the effects of repair pathway competition in our mathematical model. We also are exploring the role of base-sequence near the site of DBS's which may effect processing such as SSA leading to deletions (Fishrnan-Lobel et al., 1992) . We couple the [C,j to p53 as the 'signal' in equations (3) and (4).
The kinase inhibitor p21 is normally found in quaternary complexes with the cyclins, cdk's, and proliferating cell nuclear antigen (PCNA) (Namba et al., 1995; Li et al., 1994) . Increases in p21 concentration cause G1 arrest (Dulic et al., 1994) through inhibiting G1 cyclin associated kinase activity.
In our model we examine p53 dependent p21 upregulation aider DNA damage as described by
where r T and r D are the basal rates of transcription and degradation, respectively, and rp53 is the rate constant for coupling of the transcription factor p53 to the p21 promoter. The time rate of change of p21 is given by
where v S and v D are the synthesis and degradation rates of p21, respectively. The last two terms in Eq. (9) are the coupling of p21 to the G1 cyclin-cdk complexes.
For the background levels of p21 we use its known half-life of 30 minutes and assume that there is normally about one molecule of p21 in each of the G1 cyclin complexes. Fits of the model to the data ofBae et al. (1995) for the time course of p21 and p53 expression in exposures of normal lymphoblast cells are shown in Figure 3 . and p21 for 0.1 Gy/hr gamma irradiation.
Genomic instability after radiation exposure would likely modify p53 levels because of the observed high sensitivity of p53 to DNA damage (Nelson and Kastan, 1994 Figure  5a display a large G1 arrest in agreement with experiment (Dulic et al., 1994) . The results of the model are in general agreement with the Western blot analysis of Dulic et al. (1994) .
The results of Figure 5b show only minimal G1 arrest for the same exposure level. Here, the non- 
